
Abstract-This paper presents a Torque Sharing Function (TSF) control of Switched Reluctance Machines (SRMs) with different current sensor placements to reconstruct the phase currents. TSF requires precise phase current information to ensure accurate torque control. Two proposed methods with different chopping transistors or a new PWM implementation require four or two current sensors to replace the current sensors on each phase regardless of the phase number. For both approaches, the actual phase current can be easily extracted during the single phase conducting region. However, how to separate the incoming and outgoing phase current values during the commutation region is the difficult issue to deal with. In order to derive these two adjacent currents, the explanations and comparisons of two proposed methods are described. Their effectiveness is verified by experimental results on a four-phase 8/6 SRM. Finally, the approach with a new PWM implementation is selected, which requires only two current sensors for reducing the number of sensors. The control system can be more compact and cheaper.
Index Terms-Current sensor placement, pulse width modulation (PWM), switched reluctance machines, torque sharing function I. INTRODUCTION HERE are considerable demands for developing electrical motors with high torque density, high efficiency and low cost for the propulsion of electrical vehicles (EVs) [1] . The switched reluctance machine (SRM) is one of the competitive candidates for EV, besides permanent magnet synchronous machines and induction machines; it has the significant advan-tages of very simple and robust construction and low cost, which makes it envisageable for many applications. Moreover, the development of power electronics allows reluctance motors to be used as drives in many industry applications. Furthermore, SRM drives have the well-known characteristic of good fault tolerance capability. Nevertheless, considerable efforts are still under way to further reduce losses and output torque ripple of Switched Reluctance Machine Drives (SRDs), which are along with Noise, Vibration and Harshness (NVH) the main drawbacks of these drives.
The Firing Angle (FA) control is the basic approach for controlling average torque at a given speed for SRMs; its three parameters are the turn-on angle, the turn-off angle and the reference current [2] . More advanced control methods such as TSF and current profiling control are required for overcoming the serious torque ripple issue [3] - [6] . To ensure accurate control implementation, precise current tracking is essential in all cases. The feedback for the closed-loop current control is usually obtained by sensing instantaneous phase currents by placing a current sensor in each phase. Not only is the necessity of the look-up tables due to the local saturation [7] - [9] , but also the requirement of more components which causes the high cost compared to other machine types.
Therefore, advanced phase current tracking approaches with less current sensors and different placements have been investigated in [10] - [15] to achieve more reliable and lower-cost products. A low-cost direct torque control algorithm for induction motors where the current information is obtained from the dc bus current with only one shunt resistor is proposed in [10] . In [11] , one current sensor in the bus current replaces the phase current sensors in each phase converter leg of an SRM drive. To obtain the chopping current information from the bus current at the overlapped region of two phases, PWM signals with short turn-off time are injected into the lower transistors to insert the chopping current detection states for brief intervals during each fundamental frequency cycle. However, this may lead to phase current distortion and deteriorate the output torque if the injected signal is not short enough. In order to solve this problem, an improved converter topology has been described in [16] , the converter design is limited to four-phase SRMs, and the phase current reconstruction strategy can be only implemented in case of an even phase number. T phases deteriorates the intrinsic fault tolerant behavior of SRMs. Moreover, the demagnetization currents cannot be derived. In case of the healthy condition, they don't contribute a lot to the control performance. However, if a short circuit fault occurs in the demagnetization path, there is no effective way to detect it right away for avoiding severe damages. In this paper, a TSF control without phase current sensors for SRMs is studied. The proposed current sensor location in order to derive the phase currents and detect all the possible fault currents has been presented in [17] . In order to separate the phase currents during the commutation region when using soft chopping, two approaches are proposed which are with different chopping transistors and PWM settings. The experimental results of the two methods at speed and load variations show good agreements with the measured phase currents. The method with a new PWM implementation is selected, it requires two current sensors to replace the phase current sensors to measure the phase currents, which can be used in the control system for multiphase SRMs. Therefore, the system can be more compact and cheaper.
II. TSF CONTROL STRATEGY
The torque ripple of SRMs is due to the commutation between two adjacent phases on the one hand, and to the hysteresis or PWM control of the phase currents on the other hand. TSF control, with reference torques for the individual phases for a given total torque allows strongly attenuating the first source of torque ripple. In the commutation region of the ascending and descending profiles of the phase torque waveforms, both phases contribute considerably to the output torque production. Fig. 1 Fig. 2 shows typical waveforms of reference phase torques, reference phase currents and actual phase currents. Taking phase B as example, the whole phase current stroke consists of three parts: Region θco1 is the overlapped region of outgoing phase A and upcoming phase B; in the single-phase conducting Region θsi, only phase B current is chopping; Region θco2 is the commutation region of the phases B and C. 
III. PROPOSED METHODS WITH DIFFERENT CURRENT SENSOR PLACEMENT
An asymmetric half-bridge converter is usually used for SRM control because of its inherent characteristics of phase isolation and fault-tolerance ability. As illustrated in Fig. 3 for an 8/6 SRM, each phase can be controlled independently by the upper and lower transistors. In the figure, the upper (H) and lower (L) transistors of phases A and B are denoted by QAH, QBH, QAL and QBL, whereas the diodes are denoted by DAH, DBH, DAL and DBL. If one phase bridge is faulty, the other phases can continue working. Normally, one current sensor is placed at each phase output to measure the phase current in order to control the machine (SA for phase A, SB for phase B, SC for phase C and SD for phase D). chopping transistors of phase A. QAL denotes the commutating transistor of phase A. During the conducting mode, ias = idcH = idcL. During the freewheeling mode, ias = idcL = ifbL. Therefore, it can be observed that during the single phase conducting region, the phase current can be obtained easily using the proposed current sensor. However, how to separate the two current values during the commutation region is the difficult issue to deal with. In the following subsections, two approaches for separating adjacent currents are studied.
A. Method 1: different chopping transistors
The first method of separating the phase currents during the commutation region is to use different chopping transistor placements for adjacent phases. For instance, for a four-phase 8/6 SRM, the upper transistors of phases A and C are used as the chopping transistors and the lower ones of phases B and D. SdcH and SdcL, SfbH and SfbL are employed for replacing the current sensors at the outputs of the phases. The whole current conducting region of phase A is divided into five regions as shown in Fig. 6 . In Region I in which the adjacent reference currents intersect each other, the reference outgoing phase B starts to drop and the current of the upcoming phase A starts to increase. In order to keep the phase B current close to the reference current by using the soft chopping method, phase B is freewheeling in this region, the current paths are shown in Fig.  7 . In this figure, when two phases are in the freewheeling mode, it can be observed that ibs is sensed by SfbH, whereas ias is sensed by both SfbL or SdcL. However, when phase A is on and phase B is freewheeling as shown in Fig. 7 (b) , ias is sensed by SdcL, while ibs is sensed by SfbH.
In Region II, the reference current of phase B drops faster and more significantly. Therefore, both phase B transistors are turned off together; see the current paths in Fig. 8 . When phase A is on, see in Fig. 8 (a) , ibs is sensed by both SfbH and SfbL. while ias is sensed by SdcL. When phase A is freewheeling, ias is sensed by both SdcL and SfbL. while ibs is sensed by SfbH. Region III is the single phase conducting region of phase A, it is easy to obtain the phase A current from SdcL.
Regions IV and V are the commutation region of phases A and D. The outgoing phase A is in the freewheeling mode in Region IV, and the upcoming phase D current is chopping in this region; the current paths are shown in Fig. 9 . When phase D is freewheeling as shown in Fig. 9 (a) , ids is sensed by both SfbH and SdcH, while ias is sensed by both SfbL and SdcL. When phase D is on, as shown in Fig. 9 (b) , ids is sensed by both SdcH and SdcL, while ias is sensed by both SdcL and SfbL.
In Region V, phase A is turned off in order to follow the reference current closely. Meanwhile, phase D is chopping in this region. The current paths are shown in Fig. 10 . When phase D is freewheeling, as shown in Fig. 10 (a) Fig. 10 (b) , ids is sensed by both SdcH and SdcL, while ias is sensed by both SdcL and SfbL. Table I gives the phase currents in two adjacent phases as function of the directly sensed currents for each of the five regions, and with either the upper or lower transistor used as chopping transistor. iup denotes the phase current of the phase in which the chopping transistor is up, and ilow is the phase current of the phase in which the lower transistor is the chopping one.
B. Method 2: different PWM implementation approach
In order to reduce the number of used current sensors, a new PWM implementation approach is presented in this section. SfbL and SdcL are used instead of four current sensors. The method to restrict the phase current in the single phase conducting region can be the same. During the commutation region when both transistors are on, the voltage applied to the winding is Vdc (see Fig. 11 (a) ), it is the sum of phase A current ias and phase B current ibs that is sensed by SdcL, while no current is flowing through SfbL. When phase A is freewheeling (through SdcL and SfbL) and phase B is on, as shown in Fig. 11 (b) , SdcL senses the sum of ias and ibs. In the case when phases A and B are freewheeling at the same time, as shown in Fig. 11 (c) , the sum of ias and ibs flows through SdcL and SfbL. In Fig. 11 (d) , with phase A on and phase B freewheeling, SfbL senses the sum of the two currents, while SfbL measures ibs.
For generating the drive signals of the transistors for the two adjacent phases in the proposed method, PWM modules are set to make use of phase-offset. For instance, the system uses four PWM modules for a four-phase SRM, with module 1configured as the master. To work, the phase relationship between adjacent modules must have 90° difference. This is achieved by setting the slave TBPHS registers 2, 3 and 4 with values of 1/4, 2/4 and 3/4 of the period value, respectively. For example, if the period register is loaded with a value of 800 counts, then TBPHS (slave 2) = 200, TBPHS (slave 3) = 400 and TBPHS (slave 4) = 600. The slave modules are synchronized to the master 1 module. Fig. 12 shows the schematic of the switching signals, phase currents and the measured currents obtained from the two selected sensors during the commutation region. QAH and QBH are the switching signals of the chopping transistors for phases A and B, and the commutating transistors of phases A and B which are not indicated in this figure are always on during the commutation region. ias and ibs are the phase currents measured from the sensors placed on the phase outputs. ifbL and idcL are the currents measured from the proposed current sensors SfbL and SdcL. In the Region M1, phase A is on, phase B is freewheeling; In the Region M2, phases A and B are on together; In the Region M3, phase A is freewheeling and phase B is on; In the Region M4, phases A and B are freewheeling together. The ADC current detecting point is set just after the valley of the carrier. It can be observed that all the currents are measured from the proposed current sensors at the time that phase A is always on and phase B is always freewheeling (see Fig. 11 (d) ) in which that only ibs flows through SfbL and SdcL measures the sum of ias and ibs. Therefore, the adjacent currents can be separated by using the proposed method during the commutation region, ibs = ifbL, ias = idcL -ibs.
IV. EXPERIMENTAL SET-UP AND RESULTS
The proposed method is validated on the 1.5 kW 8/6 SRM test bench shown in Fig. 13 . The main dimensions and parameters are gathered in Table II . The SRM is controlled using an 
A. Experimental results obtained by Method 1
In Fig. 15 , the phase currents i^as, i^bs, i^cs and i^ds obtained by the proposed method 1 replace the actual phase currents to control the machine. The reference speed increases from 100rpm to 400rpm. The phase currents obtained by the proposed method 1 agree well with the ones from the phase current sensors. Figs. 16 shows the experimental waveforms at load variation, the load increases from 0 to 0.5 Nm. From the zoomed-in view on the left top side of the figure, the phase currents obtained by the proposed approach 1 (i^as, i^bs, i^cs and i^ds) agree well with the ones measured by the current sensors placed at the phase outputs. Fig. 17 shows the current sampling pulses (ADC), the switching signals of the chopping transistors (QAH and QBH), the measured currents of the proposed current sensors (idcL and ifbL) and the measured phase A current ias at 200rpm, and the zoomed-in views are shown in Fig. 17 (b) . It can be observed that QAH is on, at the time that QBH is off. The phase B current is the only one to flow through SfbL, thus, ibs = ifbL. The bus current idcL is the sum of the phases A and B currents. Therefore, ias = idcL -ifbL. Furthermore, on the right side of the Fig. 17 , only phase A is turned on, the bus current idcL only contains the excitation current of phase A. When the phase currents i^as and i^bs obtained by the proposed method 2 replace the actual phase currents ias and ibs to control the machine, the experimental results at 200rpm are shown Fig.  18 . i * as and i * bs are the reference currents for phases A and B respectively. It can be observed that the phase currents by using the proposed method 2 can follow the reference currents closely and agree well with the measurements obtained by the current sensors placed at the phase output paths.
The transient response of the speed control is illustrated in Fig. 19 . The speed is able to stabilize about 0.5s from 200rpm to 500rpm. The actual speed follows the command speed well. From the zoomed-in view of the Region II, the phase currents obtained by the proposed approach 2 agree well with the ones from the phase current sensors.
Figs. 20 shows the experimental waveforms at load variation. When the load increases from 0 to 0.5 Nm and decreases from 0.5 to 0 Nm at 200rpm, it can be seen that the speed is able to stabilize within a short dynamic adjustment time (500ms) near the speed command through the closed-loop regulation, as shown in Fig. 20 (a) . From the zoomed-in view of the Region III, the phase currents obtained by the proposed approach agree well with the ones from the phase current sensors. This proves that the phase current can be measured well by using the proposed method 2.
It can be observed that the phase currents can be reconstructed by both methods. However, the proposed method 2 requires less current sensors and the strategy is less complex. Therefore, the approach 2 with a new PWM implementation is selected for replacing the phase current sensors to reduce the used current sensors. 
V. CONCLUSION
In this paper, TSF control for SRMs with reduced current sensors was presented. During the single phase conducting region, the actual phase current can be easily extracted by the proposed current sensors. However, during the commutation region, the separation of the incoming and outgoing phase current values is difficult to deal with. In order to separate two adjacent currents, two methods with different chopping transistors or a new PWM implementation have been studied. The number of the used current sensors was reduced by using a new PWM implementation for adjacent phases in order to separate the currents. Therefore, this method has been selected. Thanks to it, the proposed control system is more compact and low cost. The proposed approach is suitable for all the multiphase SRMs. According to the experimental results at different speeds and load variations, the phase currents obtained by the proposed current sensors were able to achieve a good agreement with the results from the current sensors at the phase outputs. 
